This paper aims at providing an overview of latest advances in space weather modeling in an operational environment in Europe, including both the introduction of new models and improvements to existing codes and algorithms that address the broad range of space weather's prediction requirements from the Sun to the Earth. For each case, we consider the model's input data, the output parameters, products or services, its operational status, and whether it is supported by validation results, in order to build a solid basis for future developments. This work is the output of the Sub Group 1.3 ''Improvement of operational models'' of the European Cooperation in Science and Technology (COST) Action ES0803 ''Developing Space Weather Products and services in Europe'' and therefore this review focuses on the progress achieved by European research teams involved in the action.
Introduction
Space weather can be considered from two different stand points, the numerical modeling of the whole system on one hand, and the needs of the users, i.e., monitoring and forecasting the values of specific quantities, on the other hand (Lathuillere et al. 2002) . One may argue that the two views are met collaboratively for the development of operational products and tools for space weather prediction purposes, which is a strong requirement for the reliable performance of several applications affected by space weather under all possible conditions. In this frame, much of the research efforts in the last decades are systematically spent for the development of advanced space weather models and techniques that are suitable for operational implementation to enhance our predictive capabilities within operational environments and meet the users' needs.
In general, an operational model should fulfill special requirements with respect to a purely ''research'' or ''academic'' model. An operational model should first and foremost fit users' requirements that may be expressed in several terms and specifications (e.g., parameters, prediction horizon and accuracy, accessibility). Among others, it also has to be validated and fully documented (Araujo-Pradere 2009). In addition, most of the users' requirements rely on the real-time implementation of the model, which is also considered to be a big challenge. Such a plan may require real-time data, as input to the model and sufficient computer skills to generate and provide also model's output in real or near-real-time mode. Consequently, there are many difficulties ranging from the data availability to information technology issues to be addressed. Overall, such developments usually face big scientific and technological challenges that require interdisciplinary knowledge, expertise, and collaboration. Most importantly, the challenges require the dynamic, bidirectional, and iterative interaction between scientists, service developers and providers, and users of space weather products and services in a systematic approach, since both the needs and the capabilities change dynamically with time.
In the United States (US), the National Space Weather Program (NSWP) has guided the US space weather efforts among agencies, research universities, and industry since the middle of 1990s (http://www.nswp.gov/). As a result, notable successes have been achieved in the development of operational space environment systems, supported by the successful transition of innovative research models into operations (Tobiska 2009 ). Space weather services in the US are provided primarily by the Space Weather Prediction Center (SWPC) of National Oceanic and Atmospheric Administration (NOAA) and the US Air Force's Weather Agency (AFWA), which collaborate to address the needs of their civilian and military user communities, respectively. Advanced operational activities for specialized applications are performed by the NASA Space Radiation Analysis Group at the Johnson Space Center, which work on the safety of astronauts against radiation exposure, and by the NASA Goddard Space Weather Research Center that aims at addressing the space weather needs of NASA's robotic missions. Finally, significant contribution in the US operational space weather services is provided by a number of commercial entities (see for instance http://www.swpc.noaa.gov/Vendors/ commercial.html).
The SWPC of NOAA (http://www.swpc.noaa.gov/), the US official source of space weather alerts and warnings, provides space weather services for civilian users under national and international collaborations. Among other activities, the SWPC explores and evaluates new models and products and transitions them into operations in close collaboration with users. Space weather models that have already been transitioned to operations by SWPC provide:
-Global Positioning System (GPS) Predictions: The USTotal Electron Content (US-TEC) product (Fuller-Rowell et al. 2006 ) is designed to specify vertical and slant TEC over the continental US. -Communications Predictions:
(i) The Empirical STORM-time Ionospheric Correction Model (Araujo-Pradere et al. 2002) provides an estimate of the deviation from normal of the F-region critical frequency every hour of the day for the current and previous day. (ii) The Global D-Region Absorption Product addresses the operational impact of the solar X-ray flux and SEP events on HF radio communication, providing a global map of the highest frequency affected by absorption of 1 dB due to either solar X-ray flux or SEP events or a combination of both, an attenuation bar graph, status messages, and an estimated recovery clock. -Geomagnetic Predictions: The Wing Kp Predicted Geomagnetic Activity Index model (Wing et al. 2005 ) provides 1 h and 4 h predictions of the Kp index. -Satellite Environments Predictions: The Relativistic Electron Forecast Model (REFM) predicts the >2 MeV 24-h electron fluence at geo-synchronous orbit. -Solar Wind Predictions: (iii) The Wang-Sheeley-Arge (WSA) Model (Arge et al. 2004 ) predicts the background solar wind speed and the interplanetary magnetic field (IMF) polarity at Earth, two important parameters required for predicting geomagnetic activity. (iv) The WSA-Enlil model (Pizzo et al. 2011 ) provides solar wind predictions in two modes, the ambient and the storm (CME-based) mode.
In Europe, a pioneering initiative to establish space weather research and its application as a pan-European endeavor was undertaken in the late 1990s by the European Space Agency (ESA) through the launch and further support of two feasibility studies carried out by two broad-based European consortia. They comprised members from academia, research establishments, and industry from different European countries. The results of the studies were published in 2001 and are available for download at http://www.esa-spaceweather.net/index.html (Watermann et al. 2009a ). The study conducted by the consortium led by ALCATEL Space & LPCE (France) yielded an overview of the scientific models available for space weather developments that was given by Lathuillere et al. (2002) . Both empirical and physical models were systematically considered in this review to conclude highlighting the necessity of more developments and improvements of empirical models as a key driver of the development of operational space weather models and consequently, the necessity of routine availability of relevant direct measurements or scientifically agreed proxies.
ESA's studies were followed a couple of years later by the ESA sponsored Space Weather Applications Pilot Project (http://www.esa-spaceweather.net/spweather/esa_initiatives/pilotproject/pilotproject.html). This made an attempt to bring together space weather service providers and users in order to further develop the space weather service community in Europe, pushing forward the development, but mainly the implementation of existing space weather models in operational mode in Europe. The program incorporated 17 ESA co-funded Service Development Activities (SDAs) and a number of additional independently funded SDAs. These focus on a wide range of space weather user domains, providing services and products that address the needs of specific users through the Space Weather European Network -SWENET (http:// www.esa-spaceweather.net/swenet/). Currently, the SDAs provide data and services related to the effects of: (i) space weather on the ionosphere and on those technical fields affected by it, (ii) Geomagnetically Induced Currents (GIC) and other ground effects associated with space weather, (iii) space weather on onorbit spacecrafts and high flying aircraft. SWENET was added to previous ESA's operational tools available for space weather applications that include the Space Environment Information System (SPENVIS) operational software. SPENVIS was developed in 1996 and it is maintained since then through continuous upgrades to provide standardized access to most of the recent models of the hazardous space environment through a userfriendly web interface (http://www.spenvis.oma.be/).
The second Europe-wide space weather initiative came through the European Cooperation in Science and Technology (COST) framework (http://www.cost.eu/). In particular, an effort to coordinate space weather studies from a scientist's point of view with an eye on actual and potential applications was performed by COST Action 724 focusing in ''Developing the scientific basis for monitoring, modelling, and predicting Space Weather'' (Lilensten et al. 2004 ). The scientific progress in understanding and modeling space weather phenomena was presented in four topical reviews dealing with: (i) monitoring, modeling, and predicting solar weather ), (ii) the radiation environment of the Earth ), (iii) solar wind disturbances and their interaction with geospace , and (iv) the upper atmosphere's response to space weather events . One of the main recommendations of COST 724 pointed out the development and the online implementation of models for reliable space weather products (Belehaki & Lilensten 2008) . In parallel, the European COST 296 action ''Mitigation of Ionospheric Effects on Radio Systems'', continuing the studies of the previous COST 238, COST 251, and COST 271 actions, worked systematically on the development of an increased knowledge of the effects imposed by the ionosphere on practical radio systems and for the development and implementation of techniques to mitigate the deleterious effects of the ionosphere on such systems. An overview of COST 296 results designed for operational use was given by Stanislawska et al. (2009) .
In these initiatives, one should add several national and European investments made the last decade in favor of operational developments in Europe. In this frame, various projects were launched to address specific problems. Relevant attempts include, to name some examples: DIAS (http:// dias.space.noa.gr) for ionospheric products and services relevant to HF communication users for the European region, SWACI (http://swaciweb.dlr.de/) in support of ionospheric and trans-ionospheric propagation purposes, and SEPEM project (http://sepem.aeronomie.be/) for creating models and tools to address current and future needs in modeling of the solar energetic particle environment. Substantial progress in European space weather operational modeling is foreseen through more recent activities undertaken within the Seventh Framework Programme (FP7) of the European Commission (http://cordis.europa.eu/fp7/home_en.html). An indicative but certainly not full list of such activities includes: SOTERIA that provides online tools for real-time monitoring and prediction of space weather (http://soteria-space.eu/index.php), COMESEP that develops tools for forecasting geomagnetic storms and solar energetic particle radiation storms (http://comesep. aeronomy.be/), ATMOP that works on the development of an advanced thermospheric model in support to Low Earth Orbit (LEO) predictions (http://www.atmop.eu/), SPACECAST that is designed to help protection of satellites on orbit by modeling and forecasting particle radiation (http://fp7-spacecast.eu/), and the EURISGIC that will produce the first European-wide realtime prototype forecast service of GIC in power systems (http://www.eurisgic.eu/).
A new platform for targeted space weather operations in Europe was formulated within the ESA Space Situational Awareness (SSA) Preparatory Programme that was authorized in November 2008 and formally launched on 1 January 2009. After an initial 3-year period up to 2011, full operational services are expected to be implemented in 2012-2019 (http:// www.esa.int/esaMI/SSA/index.html). As part of ESA's SSA, the Space Weather (SWE) Segment focuses on services for owners/operators of satellites in space and infrastructure on the ground. ESA's SWE services will enable end-users in a wide range of affected sectors to mitigate the effects of space weather on their systems, reducing costs and improving reliability (http://www.esa.int/esaMI/SSA/SEM0MNIK97G_0.html).
In the meantime, the COST ES0803 action in ''Developing Space Weather Products and services in Europe'' ) succeeded COST 724 in the coordination of space weather investigations in a wide-European level, with clear focus on applications (http://www.costes0803.noa.gr/). Having as primary goal to form an interdisciplinary network between European scientists dealing with different issues of geospace, as well as warning system developers and operators, COST ES0803 was designed to meet a set of secondary objectives including, (i) the assessment of the European potential in advanced space weather observational and modeling techniques and in reliable products and services, and (ii) the specification of new space weather products and services that best meet users' requirements. The Sub Group (SG) 1.3 ''Improvement of operational models'' was formulated within Working Group 1 ''Advanced methods to model and predict space weather effects'' framework at the meeting point of the two key directions.
The main objective of SG1.3 activities was to stimulate through a collaborative environment the effective upgrade of the existing operational modeling capabilities for space weather purposes in Europe. To this effect, the work that was performed within SG1.3 was based on COST ES0803 results on the identification of scientific advances, the assessment of existing space weather models, the review of existing space weather resources, and the analysis of the users' requirements.
This paper is the output of the COST ES0803/SG1.3 activities and it aims at presenting the advances achieved in the last 4 years in operational space weather modeling in Europe by the European research teams involved in the action. Typically, the operational space weather modeling capabilities are assessed in terms of three types of products: nowcasts, forecasts, and post-event analysis. This is also valid in the context of this paper with the following clarification: modeling efforts related to post-event analysis were not actually addressed within SG1.3. Nevertheless, for reasons of completeness we include here a short discussion of relevant European efforts. This overview is presented separately in Section 2 in relation to the space weather service domains that are also introduced in this section. The core section of this paper is Section 3 that describes the advances achieved by the European COST ES0803 community in space weather operational modeling for nowcasting and forecasting purposes. Section 4 attempts an overview of the improved capabilities, while this work concludes with Section 5.
Operational post-event modeling according to space weather service domains
Operational space weather models serve the purpose to support the assessment of the impact of space weather events on humans exposed to the space environment and on space-borne and ground-based technological systems. The SSA SWE segment identifies seven specific user domains. Within each of these domains several prototype services are specified which cover the range of operational support requested by the users (http://www.esa.int/esaMI/SSA/SEM0MNIK97G_0.html).
It is common to all SSA SWE services that they rely both on observations and a suite of operational models and tools which describe solar, interplanetary, and geospace environments. Geospace in this context means the space which is physically dominated by the Earth's magnetic and gravity fields. It is noteworthy to point out that the services require tools for forecasting, nowcasting, and retro-active modeling of the space environment, in contrast to the view that system operators are only interested in services which specify the present and future space weather conditions. But the interest in retro-active modeling of the environment has an obvious reason. Operators are not only interested in avoiding or mitigating effects to be expected from upcoming adverse space weather, they are also interested in understanding in sufficient detail effects experienced and damage suffered by their systems. Post-event analysis of space weather events is thus an important task for space and ground system operators.
Operational models for post-event analysis of space weather events were developed in different countries on different continents. In this section we limit the discussion to European models, in order to stay in line with the following sections which discuss recent developments of operational models by the European COST ES0803 space weather community. This limitation should not be misunderstood as a devaluation of nonEuropean models. European operational models in use for post-event analysis include, to name a few important examples: Salammbô (Bourdarie et al. 1996) , a physics-based radiation belt flux model; SOLPENCO (Aran et al. 2006) , physics-based simulations of gradual SEP event interplanetary fluxes and fluences; Magnetocosmics (http://cosray.unibe.ch/~laurent/ magnetocosmics/), simulation of cosmic ray particle propagation through the Earth's magnetosphere; Planetocosmics (http://cosray.unibe.ch/~laurent/planetocosmics/), simulation of the hadronic and electromagnetic interactions of cosmic rays with various planetary environments; DTM (Bruinsma et al. 2012) , an empirical thermosphere density model. They can be used in combination with other models developed by specialized providers, as for instance: DICTAT (Martin 1991) available for internal charging analysis; GEMAT (http://reat.space. qinetiq.com/gemat/) for radiation effects on micro-electronics; MULASSIS (Lei et al. 2002) for multi-layered spacecraft shielding simulations.
The seven domains of the SSA SWE segment which rely on operational models are briefly discussed below, with emphasis on post-event modeling. Nowcast and forecast models are treated in subsequent sections.
Spacecraft design: Spacecraft designers require models to enable a retrospective analysis of a potential correlation between historical spacecraft anomalies and space environment conditions in order to take them into consideration in their design of future spacecraft and subsystems. Space weather threats to space systems are manifold, they cover directly damaging radiation effects including surface charging, internal charging, solar panel degradation, and indirect risks such as loss of radio contact (loss of control) and anomalous thermosphere drag. It is typical for this domain that environment models such as Salammbô or SOLPENCO are combined with spacecraft effect models to understand the cause-effect relation.
Spacecraft operation: Spacecraft operators likewise require models to enable analysis of potential correlation between historical spacecraft anomalies and space environment conditions, but in their case it is to understand spacecraft anomalies which were detected. The operational models used by spacecraft operators are largely the same as those used by spacecraft designers.
Human space flight: The requirements on modeling the impact of space weather radiation effects on humans under different conditions address flights in a space transport vehicle, extended stays at the International Space Station (ISS), and Extra Vehicular Activities. In these cases an assessment of the cumulative effect of long-term space radiation on the human body (specifically that of solar energetic particles) is of utmost importance. One way to measure this directly would be to have humans in space wear radiation dosimeters for different kinds of radiation without interruption but this is not the case in practice. However, the MATROSHKA experiment (Reitz & Berger 2006) measures and archives the radiation dose onboard the ISS. It can be placed inside or outside the ISS. Therefore models are invoked to estimate the long-term radiation dose accumulation. Also here the operational models in use include some of the above-cited models (Salammbô, SOLPENCO, MULASSIS). Planetocosmics can be used in combination with SOLPENCO to propagate fluxes originating from solar energetic particle down to LEO orbits and compute deposited energies.
Launch operation: The launch vehicle carries its own operations control device which can work independently of the payload. The payload control unit and the various instruments are switched on only after the launch vehicle has separated from the payload. Similar to spacecraft operators, launch operators are interested in post-event analysis of potential radiation effects in sensitive launch vehicle electronics. A Single Event Effect caused by a single energetic particle, typically a highly energized proton, are of great concern (Messenger & Ash 1997) . The Magnetocosmics tool is used together with a statistical distribution of the interplanetary cosmic ray background to simulate cosmic ray particle propagation through the Earth's magnetosphere.
Space surveillance and tracking: This domain is included in the SSA SWE segment because tracking of space vehicles is affected by space weather. The principal space weather related effects of concern to surveillance radar operators are ionospheric and thermospheric effects. The TEC along the radar beam controls refraction and group delay of the radar signal. Variations of group delay and refraction (e.g., under conditions of storm-enhanced TEC) bear the consequence that the tracking accuracy suffers. Solar extreme ultraviolet (EUV) radiation and ionospheric electric currents deposit energy in the upper atmosphere which heats the neutral air, increases the scale height, and thus leads to enhanced neutral air density along the satellite trajectory and thus to increased drag and orbit change (Jacchia & Slowey 1963) . Post-event analysis is of lesser concern to surveillance radar operators, but it is nevertheless occasionally carried out. For that purpose observation-based semi-empirical models are used to compute partial TEC and thermospheric density.
Non-space System Operation: This domain addresses primarily ground-based technology, including resource exploitation, pipeline, and power line network operation, but also air traffic control. If electric power blackouts are observed, rapid geomagnetic variations can induce intense DC currents named GIC in electric power lines which may subsequently cause a power blackout. Similarly they can induce strong electric fields in the ground which change the pipe-to-soil electric potential of pipelines and thus may compensate the cathodic protection potential which is usually applied to prevent corrosion. Although accurate forecast of GIC is highly desirable, the analysis of past damages has been used extensively in order to fully understand the sequence of events that eventually lead to malfunctioning and in the worst cases to damage to the system. The modeling challenge encompasses the combination of models of the space environment, specifically of ionospheric and magnetospheric current systems, with models of the ground electric conductivity and engineering models of the power or pipeline networks (see Sect. 3.7). Air traffic companies are concerned about increased radiation exposure and degraded radio communication. In addition to models cited above in the pertinent domains, European Program Package for the Calculation of Aviation Route Doses -EPCARD (Mares et al. 2009 ) may be used to calculate the cosmic ray dose received during any user-specified commercial airline flight.
Trans-ionospheric radio link: Maintaining undegraded radio communication and precise navigation using radio waves play an important role in the domains Spacecraft Operation, Space Surveillance and Tracking, and Non-space System Operation. Trans-ionospheric Radio Link is different from the other domains of the SSA SWE segment in the sense that it is less important for post-event analysis and most important for nowcast and forecast purposes. The tools and models described in Sections 3.3-3.5 are as well applicable to retro-active modeling of the space plasma environment as far as radio wave propagation is concerned.
A demarcation line between models for post-event analysis, nowcasting and forecasting space weather events and effects does not generally exist because many models can do all of it, depending on the kind of data with which they are initiated. Several of the models for retro-active analysis of space weather events referred to in this section could fit also in the subsequent sections and vice versa.
Operational modeling for nowcasting and forecasting products and tools
For the effective upgrade of the existing operational modeling capabilities, COST ES0803 put emphasis on specific areas for which models could be adapted in order to be applicable in line with users' requirements. The upgrade was attempted through all possible means, from the improvement of existing codes and algorithms based on validation and verification tests, up to the introduction and the implementation of new models. To this effect, SG1.3 encouraged pre-existing collaboration scenes on related activities and triggered new ones. Most of the proposed activities succeeded in yielding applicable results within the action's lifetime, while few are still in progress, being able to provide promising results in the future. A comprehensive overview of the models addressed by SG1.3 team is presented below. The models are classified in seven groups that cover the broad range of space weather's prediction requirements from the Sun to the Earth within operational environments. It may be important to make clear that the focus on COST ES0803 models in this section is tightly related to the objectives of this paper and does not imply by any means that the models discussed below are in principle the only ones available within each category in Europe or worldwide. Indeed, there are many relevant space weather modeling efforts, coming from outside COST ES0803 community that could fit into this discussion. However, due to the wide range of the related research and application areas, a representative but still fair report of the existing initiatives in each category would require a totally different treatment that is beyond the scope of this paper. The Automated Solar Activity Prediction (ASAP) System is a real-time technology for processing satellite images to predict extreme solar flares. ASAP integrates state-of-the-art image processing with machine learning technologies for its operation. Hence ASAP's operation is based on the successful integration of two modules: an imaging module and a machine learning module. The imaging module is responsible for processing multiwavelength solar images and applying various tasks for the detection of the solar disk, removing the limb darkening effect, filtering, detection of solar features, extracting features, grouping and classifying sunspots, etc.
The machine learning module explores various solar catalogs/images to associate solar features with solar events using data mining technique. This knowledge is represented using computerized learning rules. ASAP's predictions are generated by comparing the feature patterns detected by the imaging module with the knowledge extracted by the machine learning module. The major publications covering the development of all ASAP's technologies can be found at http://spaceweather.inf.brad.ac.uk.
ASAP is currently working in real time and is integrated with the SWENET, which is supported by the ESA, as a SDA http://www.esa-spaceweather.net/sda/asap/. It is also integrated with NASA's Community Coordinated Modeling Center (CCMC), where it is currently operational at http://iswa.gsfc. nasa.gov/iswa/iSWA.html. ASAP's predictions are also available on the group website at http://spaceweather.inf.brad.ac.uk.
Some of the recent developments surrounding the ASAP system and its supporting technologies can be summarized below:
d ASAP's team at University of Bradford carried out joint research work with Trinity College Dublin (Ahmed et al. 2013 ) to develop novel machine-learning and feature-selection algorithms to combine two of the recent developments in solar physics and space weather, which are ASAP and the Solar Monitor Active Region Tracker (SMART) system (Higgins et al. 2011) . SMART extracts, characterizes, and tracks the evolution of active regions across the solar disk using line-of-sight magnetograms and a combination of image processing techniques. In this work data mining and spatiotemporal association algorithms were developed to associate MFs with flares in order to differentiate flaring and non-flaring MFs and enable the application of machine-learning algorithms for flares prediction. The prediction performance is assessed using standard forecast-verification measures and compared with the prediction measures of ASAP (Ahmed et al. 2013 ). d ASAP's team at University of Bradford carried out joint research with Royal Observatory of Belgium (ROB), Glasgow University, and Trinity College Dublin (Verbeeck et al. 2013) . The aim of this work was to compare the performance of established solar imaging systems (ASAP, Spatial Possibilistic Clustering Algorithm (SPoCA), Sunspot Tracking and Recognition Algorithm, and SMART) when processing SDO data. The overall detection performance of each algorithm is benchmarked against NOAA and Solar Influences Data Analysis Centre (SIDC) catalogs using various feature properties such as total sunspot area and the number of features detected. d ASAP's team at University of Bradford introduced a fast fuzzy-based solar feature detection system for processing SDO/AIA images using fuzzy rules to detect coronal holes and active regions . This system generates filling factors (ratio of area of solar feature to area of rest of the solar disk) for active regions and coronal holes. These filling factors are then compared to SDO/EVE/ESP irradiance measurements. Correlation between active-region filling factors and irradiance measurements is found to be very high. d ASAP's team at University of Bradford introduced a new method for the 3D visualization of active regions and sunspots that are detected from SOHO/MDI magnetogram and continuum images (Colak et al. 2011) .
This technology will be used to create a visual solar catalog. Because of the difficulty in providing a full description of data in text-based catalogs, it can be more effective to search these 3D solar feature models in visual solar catalog environment. This catalog could provide advanced interpretation of solar images, since it would enable us to extract data embedded in various solar images and visualize it simultaneously.
3.1.2. SPoCA-suite for Near-Real-Time detection and tracking of Active Regions and Coronal Holes on SDO-AIA data
The SIDC team at the ROB has developed the SPoCA-suite, a set of algorithms that is able to detect, extract, and track active regions and coronal holes on EUV images (http://sdoatsidc.oma.be/web/sdoatsidc/SoftwareSPoCA). The detection algorithm runs in near real-time on SDO-AIA images at LMSAL and produces entries to the Heliophysics Event Knowledgebase -HEK (http://www.lmsal.com/hek/ hek_isolsearch.html), including statistics on intensity, bounding box, but also a representation of the boundary in terms of chain code (Delouille et al. 2012) . Active regions are the main source of solar flares whereas coronal holes are associated with expanding open magnetic fields and the acceleration of the high-speed solar wind. For space weather purpose it is therefore important to locate precisely both active regions and coronal holes. The SPoCA-suite is based on a fuzzy clustering that has been custom-designed to get optimal results on EUV images. It can extract and track active regions as well as coronal holes. The algorithm was applied on the archive of SOHO-EIT data from 1997 till 2005 to get relative proportion of Active Regions, Coronal Holes, and Quiet Sun covering the Sun during the solar cycle 23 (Barra et al. 2009 ).
In work in progress, we applied the coronal hole detection and tracking algorithm on a SDO-AIA 19.5 nm dataset ranging from June 2010 until October 2011. The coronal hole detection was validated by cross-checking with SDO-HMI magnetograms. Figure 1 shows an example of coronal hole map obtained with SPoCA. We also investigated the relationship between position of coronal holes and the properties of resulting high-speed solar stream.
3.1.3. The UMASEP for forecasting SEP events http://spaceweather.uma.es/forecastpanel.htm UMASEP system makes real-time predictions of the time interval within which the integral proton flux is expected to meet or surpass the SWPC SEP threshold of J (E > 10 MeV) = 10 pr cm À2 sr À1 s À1 and the intensity of the first hours of SEP events. This forecaster analyzes flare and near-Earth space environment data (soft X-ray, differential and integral proton fluxes). The current version of UMASEP (Núñez 2011) has been functioning since 2010 and its real-time forecasts are currently downloaded every 5 min from users' space weather systems, such as the European Space Weather Portal (http://www.spaceweather.eu/en/forecast/uma_sep) and the integrated Space Weather Analysis (iSWA) system of NASA (http://iswa.ccmc.gsfc.nasa.gov/iswa/iSWA.html).
The UMASEP forecaster is based on a dual-model approach. The purpose of the first model is to identify precursors of well-connected events by empirically estimating the magnetic connectivity from the associated CME/flare process zone to the near-Earth environment and identifying the flare temporally associated with the phenomenon. To recognize a possible magnetic connection, UMASEP searches for a cause-consequence pattern, which consists of a persistent lag correlation between the derivative of the soft X-ray flux and at least one of the derivatives of the differential proton fluxes (9 MeV < E < 500 MeV, measured at 1 AU by all the available GOES satellites). If a magnetic connection is recognized and it is followed by a C7 flare or higher, this model predicts a well-connected SEP event. The goal of the second model is to identify precursors of poorly connected events by using a regression model that checks whether the differential proton flux's behavior is similar to that in the beginning phases of previous historically poorly connected SEP events, and thus deduce similar consequences. An additional module applies a higher-level analysis for inferring additional information about the situation by filtering out inconsistent preliminary forecasts and estimating the intensity of the first hours of the predicted SEP events. This high-level module periodically retrieves solar data and, in the case of the well-connected events, automatically identifies the associated flare and active region. Figure 2a shows the forecast outputs after analyzing an historical event and Figure 2b shows the forecasts during real-time operations on March 8 and 21, 2011.
UMASEP has been evaluated with historical data and in real-time operations. Núñez (2011) presents the evaluation of UMASEP with historical data of solar cycles 22 and 23, obtaining a probability of detection (POD) of all SEPs of 80.72% (134/166), a false alarm rate (FAR) of 33.99% (69/203), and an average warning time (AWT) of 5 h 10 min (1 h 5 min for well-connected events and 8 h 28 min for poorly connected events). The AWT is the temporal distance between the time when the prediction is issued and the time when the integral proton flux meets or surpasses the SWPC SEP threshold. The NOAA/SWPC SEP list was used for obtaining the official SEP start times. Nuñez (2011) also presents a comparison with other systems, showing that UMASEP outperforms current automatic forecasters in predicting >10 MeV SEP events. UM-ASEP's performance during the current solar cycle 24 rendered similar results: POD of 81.8% (9/11), FAR of 30.8% (4/13), and AWT of 5 h 27 min. By taking into account the current solar cycle (from January 1, 2008, to March 10, 2012) a preliminary comparison between UMASEP, an automatic service, and the NOAA/SWPC SEP forecasting service, which issues warnings based on the analysis made by human forecasters aided by computerized models (Balch 2008) , shows that: both services have similar FAR; NOAA/SWPC has a better performance in POD, and UMASEP has a better performance in AWT.
During the revision of this manuscript, a new version of UMASEP was released. In addition to predicting >10 MeV events, this new version also predicts SEP events with energies greater than 100 MeV. The POD of the new > 100 MeV forecasts is 82.6% and the FAR is 36.6%, taking into account data of solar cycles 23 and 24 (until January 2013). The average of the warning times is 58 min; however, there were several very energetic ground level events (GLE) that could be predicted with very low warning times, ranging from 5 to 20 min.
Geomagnetic predictions
3.2.1. The UAH-Space Weather Service -warnings for geomagnetic disturbances
The UAH-Space Weather Service (UAH-SWS) at http:// www.spaceweather.es/ has been developed based on scientific models published in international journals by researchers of the UAH Saiz et al. 2008; Aguado et al. 2010) . It is a double service: (1) it offers a warning of severe geomagnetic disturbances and (2) it provides an estimation of the time remaining for the magnetosphere to recover quiet time conditions. The service is available free of charge 24 h a day, 365 days a year, both online and by email after subscription for space weather alerts.
The warning from UAH-SWS consists in a d function (true/ false): ''true'' when a DDst larger than 50 nT in an hour is expected, ''false'' otherwise. The warning code is written in IDL based on the model introduced by Saiz et al. (2008) . There is only one input for the warning code: the IMF z-GSM component, which is downloaded automatically via ftp from NOAA. The UAH server connects to NOAA server every minute and then runs the code again. The main success of the UAH-SWS is not only the accuracy in the forecasting process, but also the science behind the code, which is a great improvement in the task of understanding the Sun-Earth connection: variations in Bz IMF are related to large geomagnetic disturbances .
The warning code has been working since 2008, but due to the solar minimum, the first warning was produced on September 26, 2011 at 13:25 UT (Fig. 3) . That day Kyoto web page showed a drop on Dst from +3 nT at 16 UT down to À53 at 17 UT, reaching a peak value of -117 on September 27 at 00 UT. This alert allowed checking and improvement of some aspects in the service. Just as an example, it can be cited that on September 26, the users subscribed to the service received one e-mail per minute for more than 2 h. This problem has now been solved and only one e-mail is sent for one event. There was also a delay in the warning from what obtained from the code. This is still under investigation.
Concerning the service on the prediction of the magnetosphere's recovery, it provides a graph with the theoretical expectations from the hyperbolic model introduced by Aguado et al. (2010) plotted together with the Dst index from Kyoto, as soon as Dst goes below À100 nT. The code updates the graph every hour, in accordance with the resolution of the Dst index and theoretical expectations are computed until 48 h after the peak value on the index. quantity, which is a proxy to the geomagnetic K index. HDK is based on the combined use of solar wind parameters and ground-based magnetic data. The model implements the previously developed solar wind based MAK (Muhtarov-AndonovKutiev) model (Andonov et al. 2004) , calibrating its values with magnetogram-derived K index.
The MAK model provides a proxy of Kp denoted as Ksw, while that provided by Dourbes Observatory is denoted as Kd. The HDK nowcast model predicts the quantity Kdf, obtained by solar wind based Ksw and corrected with a combination of differences between several past values of Kd and Ksw. The HDK is the first model K which provides analytical formulas for nowcasting and forecasting K index by combining ground-based magnetic and solar wind data. The model error for nowcasting is 0.38 KU, or nearly twice less than that of the MAK model. Forecasting 6 h ahead carries an error of 1.0 KU, while for the first 1 h the error is 0.58 KU only. In Figure 4 , the blue line represents the prediction error obtained by using 3-h K values and the red line represents the prediction error obtained by using the hourly interpolated Kd values. HDK model is implemented in the operational forecasting software of the Royal Meteorological Institute, Belgium (http://gpsweather.meteo.be/geomagnetism). As input it uses the online K index obtained from Dourbes magnetometer and solar wind parameters from ACE satellite. A model-assisted technique for the reconstruction of the topside electron density profile to heights above the transition height was recently developed ) following up a series of successive scientific advances (e.g., Belehaki et al. 2006a; Kutiev et al. 2006 Kutiev et al. , 2009b Kutiev & Marinov 2007) . The proposed TaD technique connects topside empirical modeling with Digisonde data. In particular, TaD exploits the results of the Topside Sounder Model Profiler (TSMP) that provides the Ne profiles above the F2 layer peak height (hmF2) on a global scale, as a function of the geomagnetic latitude, day of year, local time, solar flux F10.7, and Kp once the F2 layer maximum density (NmF2), the peak density height (hmF2), and the scale height (Hm) at its lower boundary are provided (Kutiev & Marinov 2007) . For this purpose, TaD succeeded to apply TSMP to the electron density profiles obtained by ground-based Digisondes. The TaD profiler was validated using topside profiles reconstructed from IMAGE/RPI plasmagrams, as well as GNSS-TEC and CHAMP-derived TEC estimates . Since its development, TaD received further upgrade through improvements to the reconstruction technique and reformulation of the model's expressions. The improved TaD profiler was subject to extensive validation tests using Incoherent Scatter Radar (ISR) profiles obtained at Malvern site and GNSS-TEC estimates. The results indicate a model error of 3 TECU, which is close to the measurement (GNSS) error (Belehaki et al. 2011; Belehaki et al. 2012) .
Going one step further, the operational capabilities of the TaD algorithm were explored through its online implementation to the Athens digisonde data. Some results are demonstrated at http://www.iono.noa.gr/ElectronDensity/EDProfile.php. An example of the TaD-reconstructed electron density profiles over Athens and the related estimations is presented in Figure 5 . It is clear that the real-time implementation of the TaD over each Digisonde location can offer a variety of applications, especially over regions where dense networks of Digisondes operate (e.g., the DIAS system).
Next, a special procedure that adjusts TaD Ne integral by varying the scale height factor in order to equalize it with the corresponding measured GPS-TEC value was envisaged. This procedure, which improves significantly the reconstructed Ne profile and has been proven to be very important for the application of TaD in an operational environment, has currently been implemented in the operational version of the model .
At this point, it is worth mentioning two COST ES0803 modeling activities, which even if they are not currently supported by operational or semi-operational prototype versions, have the potential to support valuable space weather products and services under further development. These include:
(i) Development of a new method for the derivation of thermospheric parameters from routine ionospheric observations (Mikhailov et al. 2012; Mikhailov et al. 2013) . In particular, the new method combines electron density profiles observed by ISR or Digisondes with modeled results to extract a set of basic thermospheric parameters including: exospheric temperature Tex, S -Tn(h) shape, atomic and molecular oxygen concentration, molecular nitrogen concentration, and vertical plasma drifts. This work is in progress, suggesting an alternative solution for thermospheric monitoring purposes. (ii) Development of a new model to predict fluxes of relativistic electrons at geosynchronous orbit. This is based on the analysis of ULF wave spectra measured by ACE magnetometer, and ULF oscillations measured by GOES magnetometers at geosynchronous orbit and by groundbased magnetometers distributed globally and it combines ground-based PiB geomagnetic pulsations with global ULF oscillations of Pc5 type (Degtyarev et al. 2009; Degtyarev et al. 2010; Potapov and Polyushkina 2010) . SIRMUP (Zolesi et al. 2004; Tsagouri et al. 2005 ) is implemented online to provide nowcasting ionospheric products and services for the European region through DIAS system (Belehaki et al. 2006b (Belehaki et al. , 2007 and for the central Mediterranean area through the -Geomagnetic Indices Forecasting and Ionospheric Nowcasting Tools (GIFINT) services (http:// gifint.ifsi.rm.cnr.it/) that is integrated with the SWENET. In SIRMUP, the real-time values of foF2 at one location are determined from the SIRM model (Zolesi et al. 1993 ) by using the effective sunspot number, R12eff, instead of R 12 . R12eff is calculated through the comparison of SIRM estimates with actual measurements. The method of determining R12eff was introduced by Houminer et al. (1993) and the main steps of the methodology are summarized as follows: R12eff is chosen to give the best fit between model calculation and actual measurements obtained from a grid of ionosondes located in the mapping area, referred to as reference stations. Most critical point to the derivation of R12eff is the number n of stations that provide real-time measurements at the same time. In the Houminer et al. (1993) method this number should be atleast 4.
Of crucial importance are also the time resolution and the range of R12eff values. As real-time observations are available every 15 min in DIAS, the R12eff is also calculated with 15 min time resolution. The high time resolution in combination with the fact that ionospheric conditions are highly absorbed in its derivation, keep off R12eff's concept from the original R 12 that is a solar activity index, and bring it closer to a potential ionospheric activity index. As that, R12eff should be able to capture severe ionospheric disturbances (greater than 50% of the median conditions) and therefore the range of the permissible values should be carefully considered. Preliminary tests of SIRMUP's performance indicated problems deduced from the standard scale of R 12 at solar minimum conditions for which R 12 = 0 marginally reflected median conditions. It was clear that the R12eff scale should be expanded toward negative values. Empirical tests that were carried out near solar minimum yield to minimum value of R12eff equal to À30. The improvements ensure better performance of the SIRMUP during solar minimum conditions . Figure 6 provides an example of the achieved improvement, while Figure 7 provides an example of the DIAS nowcasting foF2 maps obtained under negative R12eff conditions.
Solar Wind driven autoregression model for Ionospheric short-term Forecast
A new ionospheric forecasting algorithm suitable for operational applications, the Solar Wind driven autoregression model for Ionospheric short-term Forecast (SWIF), was recently introduced Kutiev et al. 2013) . SWIF combines historical and real-time foF2 observations with IMF parameters obtained in real time at the L1 point from NASA/ ACE spacecraft. This is achieved through the cooperation of an autoregression forecasting algorithm, called Time Series AutoRegressive -TSAR (Koutroumbas et al. 2008) , with the empirical Storm-Time Ionospheric Model -STIM ) that formulates the ionospheric storm-time response based on IMF input. SWIF is able to provide ionospheric foF2 forecasts as well as alerts and warnings for upcoming ionospheric disturbances for the middle latitude ionosphere ). SWIF is implemented online in DIAS and provides alerts and warnings for upcoming ionospheric disturbances as well as ionospheric forecasts up to 24 h ahead for the European region. Muhtarov et al. (2002) introduced the Geomagnetically Correlated Autoregression Model (GCAM) for the short-term forecasting of the foF2. GCAM incorporates the cross-correlation between the foF2 and the ap index into the autocorrelation analysis. It is an extrapolation model based on weighted past data and the model's predictions are driven by (i) current and recent past foF2 measurements and records of a geomagnetic activity index, (ii) estimates of the reference ionosphere, and (iii) prediction of a geomagnetic activity index for each hour of the prediction period. A synthetic geomagnetic activity index, G, of hourly resolution based on the Ap index was also introduced by Muhtarov et al. (2002) to ensure forecasting ability of the model. In particular, the index G is extracted from the daily Ap index for which a 45-day prediction is issued by the SWPC of NOAA. The GCAM model is currently implemented in the DIAS system to provide ionospheric forecasts up to 24 h ahead for the European region. For the implementation of GCAM in DIAS system, model parameters were calculated for each DIAS location by using ionospheric observations from at least one and a half solar cycle (Tsagouri 2011) . The performance of both the SWIF and the GCAM models was investigated in the central European region with a metricsbased evaluation procedure proposed within SG 1.2 of COST ES0803 (Tsagouri 2011 ). The results demonstrate significant (greater than 10%) improvement over climatology and persistence of both models performance and all prediction steps under ionospheric storm conditions. The accuracy of the two models was also determined for all possible conditions in terms of the mean relative error. The accuracy depends on the prediction step, the level of the ionospheric activity, and the latitude of the observation point. It is relatively small (10-13%) for predictions provided 1 h ahead and may reach 30% at middle to high latitudes for high ionospheric activity level and predictions provided 24 h ahead.
Geomagnetically Correlated Autoregression Model for foF2 forecast

The short-term Ionospheric Forecasting Empirical Regional Model (IFERM)
IFERM was recently developed to predict the state of the foF2 critical frequency under different geomagnetic conditions (Pietrella 2012) . IFERM is based on 13 short-term ionospheric forecasting empirical local models (IFELM) developed to predict foF2 at 13 ionospheric observatories scattered around the European area. The forecasting procedures were developed using for each observatory the following data: hourly measurements of the foF2; hourly quiet time reference values of the foF2 (foF2QT); hourly time weighted accumulation series derived from the geomagnetic planetary index ap, (ap(s)). The index ap(s) takes into account the recent history of the geomagnetic activity, where s is a 3-h attenuation multiplier (0 s <1) that determines how ap(s) will depend on the past history of the ap index (Wrenn 1987) . The bigger the value of s, the more dependence ap(s) will have upon its history. The use of ap(s) in place of the geomagnetic index ap improves the ionospheric forecasting, as it is demonstrated by Wrenn & Rodger (1989) and Wu & Wilkinson (1995) . The forecasting maps obtained with the foF2 values predicted in the IFELM operating simultaneously were analyzed to assess IFERM performance on the spatial regional scale (Fig. 8 shows an example) . From this examination it has emerged that there are very large areas located at middle-high latitudes (50°< k < 60°) and high latitudes (k ! 60°) where the foF2 predictions match quite faithfully the foF2 measurements, since the difference between the foF2 measurements and the foF2 predictions is less than 0.4 or 0.8 MHz depending on the observation area (Pietrella 2012) . Consequently IFERM can be used for generating short-term forecasting maps (up to 3 h ahead) of the foF2 over the European area.
The Neustrelitz Peak Density Model (NPDM)
The NPDM represents an empirical modeling approach that allows determining global NmF2 with a limited number of model coefficients (Hoque & Jakowski 2011) . The nonlinear approach needs 13 coefficients and a few empirically fixed parameters for describing the NmF2 dependencies on local time, geographic/geomagnetic location, and solar irradiance and activity. The model approach is applied to a vast quantity of global NmF2 data derived from GNSS radio occultation measurements provided by CHAMP, GRACE, and COSMIC satellite missions and about 60 years of processed NmF2 data from 177 worldwide ionosonde stations. The model fits to these input data with the same standard and root mean squared (RMS) deviations of 2 · 10 11 m
À3
. NPDM is climatological, i.e., the model describes the average behavior under quiet geomagnetic conditions. A preliminary comparison with the electron density NeQuick model (Hochegger et al. 2000; Radicella & Leitinger 2001; Leitinger et al. 2005; Nava et al. 2008 ) reveals similar results for NmF2 with RMS deviations in the order of 2 · 10 11 m À3 and 5 · 10 11 m À3 for low and high solar activity conditions, respectively. NPDM can be very effective as a background model for near-real-time NmF2 reconstruction and prediction in operational services and radio systems (see examples of reconstructed NmF2 map at http://swaciweb.dlr.de/ daten-und-produkte/public/nmf2/).
The Neustrelitz Peak Height Model (NPHM)
A global peak density height model, the NPHM, consisting of a set of nonlinear equations that explicitly describe the functional dependencies of hmF2 on local time, season, geographic/geomagnetic latitudes, and solar cycle variations, was recently developed (Hoque & Jakowski 2012) . The NPHM approach contains 13 unknown polynomial coefficients in addition to a few empirically fixed known parameters. The polynomial coefficients are derived by applying the model approach to a vast quantity of global hmF2 data derived from radio occultation and ionosonde measurements. Comparisons between NPHM and electron density NeQuick models for RMS estimates of their differences from observational data show that during high solar activity period the RMS deviations are about 13% and 18% for NPHM and NeQuick models, respectively. During low solar activity periods, the corresponding RMS estimates are 12% and 16%, respectively. The great benefit of the new model is the ease of implementation and use. Due to limited number of coefficients, both the computation time and power will be significantly reduced in real-time ionosphere monitoring or modeling using the new model within any 3-D ionosphere model.
Within this framework, we could also report a recent investigation of Ü nal et al. (2011) on the performance of International Reference Ionosphere (IRI)-based foF2 computations in forecasting basis. In particular, 1 h ahead forecasts of the foF2 provided by the Middle East Technical University Neural Network (METU-NN) model and IRI foF2 estimations were compared with observed values at middle-to-high latitudes (Slough and Uppsala). The two models are considered alternative to each other. Preliminary validation results verified that the two methods may be used in parallel employing METU-NN as the primary source for the foF2 forecasting.
GNSS predictions
Ionospheric monitoring based on GNSS data at ROB
Since the end of 2011, the ionosphere above Europe is modeled in Near Real-Time (NRT) by ROB (http://gnss.be/ Atmospheric_Maps/ionospheric_maps.php). The models are represented in terms of Vertical TEC (VTEC) maps produced every 15 min on 0.5°· 0.5°grid with a latency of 5-10 min after the last observation. The VTEC is estimated using Realtime GNSS data from the BKG NTRIP client (BNC, Söhne et al. 2010 ) of~125 stations of the EUREF Permanent Network (EPN, Bruyninx et al. 2012) .
To produce the VTEC maps, the slant TEC of each satellitereceiver pair are estimated and projected in VTEC at the Ionospheric Piercing Points (IPPs) using an ionospheric single thin layer shell approximation located at 450 km (Bergeot et al. 2011) . The VTECs at the IPPs are then interpolated in a grid of 0.5°· 0.5°using a spline interpolation.
For the processing, a geometry-free combination between each GPS satellite and receiver is performed using carrier phase leveled to the code. Products such as orbits and satellite Differential Code Biases (DCBs) are taken from the International GNSS Service (IGS, Dow et al. 2009 ) and from the Center for Orbit Determination in Europe (CODE, Schaer et al. 1998 ). The receiver DCBs are estimated using Rapid IONEX (IONosphere map EXchange format) of the IGS as a priori information.
The ionospheric product allows the detection in NRT of abnormal ionospheric activity with respect to the 15 previous days (see Fig. 9 ), which are generally due to high solar activity (e.g., solar flares, coronal mass ejection) which impact the Earth's magnetosphere and ionosphere. The product is now available in two formats:
d An interactive product which allows the user to produce movies and to get quantification of the VTEC d A statistical product with quantification of the differences between the NRT VTEC with respect to the previous 15 days. In parallel to the GIANT project and in the frame of the Solar-Terrestrial Centre of Excellence (STCE), we used the ELIS GPS data in order to monitor the ionosphere above the PE polar base. Figure 10 shows an example of an abnormal ionospheric activity due to a solar eruption which impacted the Earth magnetosphere on the 22/01/2012. The increase of the VTEC occurs essentially around noon (~47% of increase of VTEC with respect to the normal ionospheric activity) before a general decrease after 14:00 UTC (~40% of decrease of the VTEC with respect to the normal ionospheric activity). In the future a routine estimation of VTEC above the PE polar base will allow us to better understand the effect of solar eruption impact on Earth's upper atmosphere.
TEC modeling activities at German Aerospace Center (DLR) in support of TEC monitoring activities in SWACI
GNSS-based TEC monitoring is carried out in DLR Neustrelitz routinely since 1995 over the European area with a temporal resolution of 10 min (e.g., Jakowski 1996). The database is mainly provided by the European GPS ground station network of the International GNSS Service (Dow et al. 2009 ). Besides the European area also Northern Polar cap area (u > 50°N) is monitored since 2002 (see http://www.kn.nz.dlr.de/daily/ tec-np/). Although the data coverage is extremely poor, also monitoring of the Southern Polar cap area (u > 50°S) is carried out for DLR internal use (Jakowski et al. 2011a) . DLR is establishing an operational ionosphere data service via the SWACI project (http://swaciweb.dlr.de) since 2006. SWACI offers regional and global TEC nowcasting maps, corresponding model information, and hourly forecasts using ground-and space-based GNSS measurement techniques.
Based on currently applied procedures in the ionosphere data service SWACI, it was recently shown that TEC models can essentially help to calibrate TEC retrievals from GNSS data, to improve TEC mapping, and to estimate hourly TEC forecasts (Jakowski et al. 2011b ). Consequently, a family of regional empirical TEC models, the Neustrelitz TEC Model (NTCM), has been developed in DLR which provides climatological information on TEC behavior: the NTCM-EU for Europe, and the NTCM-NP and NTCM-SP for North and South Pole areas, respectively (e.g., Jakowski 1996; Jakowski et al. 1998; Jakowski et al. 2011b ). To ensure a high quality of the TEC maps also in case of only a few measurements or at greater distances from the measuring points, the measured data are combined with the empirical TEC model which has been developed specifically for the region in view.
Following the same principles of mathematical approach, also a global TEC model (NTCM-GL) has been recently developed (Jakowski et al. 2011a) . This is an empirical model approach that allows determining global TEC, describing dependencies on local time, geographic/geomagnetic location, and solar irradiance and activity. The nonlinear approach needs only 12 coefficients and a few empirically fixed parameters for describing the broad spectrum of TEC variation at all levels of solar activity. The model approach is applied on high-quality global TEC data derived by the CODE at the University of Berne over more than half a solar cycle (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) . The model fits to these input data with a negative bias of 0.3 TECU and a RMS deviation of 7.5 TECU. As other empirical models too, the NTCM-GL is climatological, i.e. the model describes the average behavior under quiet geomagnetic conditions. During severe space weather events the actual TEC data may deviate from the model values considerably by more than 100%. A preliminary comparison with independent datasets as TOPEX/Poseidon altimeter data reveals similar results for NeQuick and NTCM-GL with RMS deviations in the order of 5 and 11 TECU for low-and high-solar activity conditions, respectively. The performance of the model may be further improved using an extended database which is expected to be available in the upcoming years. In particular, a higher time resolution of high-quality input data (<2 h) should improve the modeling results. The TEC database is expected to increase rapidly in the upcoming years enabling further improvement of the model coefficients and parameters. Although nowcast information of ionospheric propagation errors helps already in GNSS application practice, forecast of errors and their development are of particular interest for GNSS customers. Since there is always a time delay between time of measurements and service provision, the derived propagation errors do not exactly correspond to actual propagation conditions. Thus, to give an example, SWACI provides TEC maps with an update rate of 5 min. Considering the delay due to computation time and data management, the provided information is delayed by about 8 min at user level. To overcome this operational gap, corresponding forecast tools can be applied. Doing so, the user can work with an estimated real-time value. If applications require some warning or planning time to be well prepared when ionospheric perturbations are approaching, the forecast must exceed the aforementioned time interval. Since currently no reliable forecasts of ionospheric behavior during perturbations are available, much work must still be done. In this direction, a simple model-assisted forecasting algorithm was recently introduced (Jakowski et al. 2011b) , which may help to provide some preliminary results and to learn about ionospheric forecast problems. Figure 11 provides a 1 h sample forecast as an example. The TEC map-related forecast algorithm takes benefit from actual trends of the TEC behavior at each grid point. During perturbations, characterized by large TEC fluctuations or ionisation fronts, this approach may seriously fail. So the trend information is merged with the current background model which provides a stable climatologically TEC behavior. In average such a forecast will be better than applying the trend or model approach alone. At PMOD/WRC a climate-chemistry-ionosphere model (CICM) SOCOL i has been developed, which is based on a general circulation model and includes complete representation of the chemistry of neutral and ionized species in the atmosphere from the ground up to the mesopause. The CICM SOCOL i (Egorova et al. 2011 ) in nowcasting mode is now running using near real-time online SSI data provided by LPC2E (Lab. de Physique et Chimie de l'Environnement et de l'Espace) (http://lpc2e.cnrs-orleans.fr/~soteria/). Initially we supposed to use online SSI data based on the PROBA2/LYRA and the PICARD/PREMOS radiometers. Because of the rapid degradation of some of the channels of the former, and the late launch of PICARD, whose data have not been officially released yet, a backup solution was adopted. At the moment, nowcast of the SSI data is based on solar continuum images, and solar magnetograms from SDO/HMI, which are segmented and then fed into an analog neural network model that has been trained using daily solar spectra from SORCE/SIM, SORCE/SOLSTICE and SORCE/XPS. The SSI data is delivered every 3 h for wavelengths from 1-40 and 115-360 nm to nowcast the chemical composition of the middle atmosphere.
The service of the middle atmosphere parameters nowcasting is fully operational. We provide online nowcast of the middle atmosphere every 2 h for O 3 , NO, NO 2 , OH, H 2 O volume mixing ratio, electron and total positive ion density, temperature, air density, and geopotential height. A short-term forecasting up to 1 day is also available. The output from the model consists of the 3-D atmospheric quantities for the current time step and nearest future (up to 1 day). A progressive archive of the past calculations is also publicly available online at http://projects.pmodwrc.ch/lyra/nowcast_data and can be used for educational purposes. The forecast and archive data are stored in NetCDF format.
COsmic Ray Ionization Model for Ionosphere and
Atmosphere (CORIMIA)
The program CORIMIA is developed for calculation of the electron production rate profiles due to cosmic rays (CR) using ionization losses (Bohr-Bethe-Bloch function) approximation in six characteristic energy intervals, including the charge decrease interval for electron capturing (Velinov et al. 2012a (Velinov et al. , 2012b . In this way the accuracy of the obtained results is improved in comparison with fewer characteristic energy interval approximations. The program CORIMIA is applied for the case of penetration of galactic CR, anomalous CR, and solar CR in middle atmosphere and lower ionosphere (30-120 km). The results are shown using profile evaluation for differential spectra of the full CR composition: protons p, Helium (alpha particles), Light L (3 Z 5), Medium M (6 Z 9), Heavy H (Z ! 10), and Very Heavy VH (Z ! 20) nuclei (Z is the charge of the penetrating CR nucleus). The profiles are computed for solar minimum (when the atmospheric ionization is maximum) and show good agreement with experimental data.
The effect of sporadic solar CR and energetic particle events is investigated also. It can be very strong locally in the polar cap regions, affecting the electrical and physical-chemical properties of the lower, middle, and upper atmosphere and especially the global atmospheric electrical circuit (Tonev & Velinov 2011; Velinov et al. 2013) .
Analytical expressions and contributions in percent of some characteristic energy intervals are provided. These contributions reflect the physical structure of the ionization process. A submodel for investigation of atmospheric cut-offs formation is created (Velinov & Mateev 2008a , 2008b Velinov et al. 2009 Velinov et al. , 2011a Velinov et al. , 2011b .
COsmic Radiation Influence on Atmospheric Electric Circuit (CORIAEC)
A program code CORIAEC is developed for physics-based 3D numerical simulation model designed to evaluate the steadystate response of the global atmospheric electrical circuit (AEC) to variations of the solar wind (SW) parameters and of the galactic cosmic rays modulated by SW. On one hand, the solar wind influences AEC through the polar cap ionospheric convection potential changes: the ionospheric transpolar potential difference of 40-140 kV (governed by SW) of horizontal dimension of~3000 km, in combination with the field-aligned currents, leads to penetration of electric fields in AEC domain at high and polar latitudes. According to different authors (Makarova et al. 1998; Corney et al. 2003; Tinsley et al. 2007 ) these superimposed electric fields penetrate as far as down to the Earth's surface and modify the potential gradient.
On the other hand, the conductivity in the upper troposphere and strato/mesosphere is created mainly by galactic CR of energies <10 11 eV. The modifications of galactic CR by SW cause short-(e.g., by Forbush effects) and long-term (during 11-year solar cycle) variations of the AEC conductivity parameters, which lead to respective changes of AEC characteristics, such as the air-earth current and potential gradient. The model CO-RIAEC serves to study AEC characteristics and their variations at high and polar latitudes due to influence of SW, and due to changes of atmospheric conductivity related to modulation of galactic CR flux by SW (Velinov & Tonev 2008; Tonev & Velinov 2010 .
3.7. Ground-based predictions 3.7.1. Conversion of post-analysis GIC software to real-time analyzers
The EU/FP7 Project EURISGIC (No. 260330) started in March 2011 and has the following objectives:
d To produce the first European-wide real-time prototype forecast service of GIC in power systems based on in-situ solar wind observations and comprehensive simulations of the Earth's magnetosphere. d To derive the first map of the statistical risk of large GIC throughout Europe by utilizing geomagnetic recordings. Worst-case GIC scenarios based on historical data will also be investigated.
EURISGIC will exploit the knowledge and advanced modeling methods developed in Europe and North America (especially in the Solar Shield project of the NASA Applied Sciences program, see Pulkkinen et al. 2010) . Close communication throughout the project with a stakeholder advisory group will help in directing the research and outreach appropriately. The results of this study will help in the future design of more robust and secure protection against GIC in power transmission grids in Europe, which are anticipated to become increasingly interconnected and geographically wider.
During the first project year, the following progress has been reached aiming at improving operational GIC models (Viljanen et al. 2012) : previously existing methods and software have been successfully updated to be capable for Europeanscale GIC modeling in the spherical geometry. This contains compilation of a prototype model of the European high-voltage power grid, and collection of ground conductivity models for the calculation of the geoelectric field. For developing a prototype forecast service using real-time solar wind data, the previously existing magnetosphere-ionosphere simulation code (Janhunen 1996) has been made faster by parallelization. Simultaneously, an empirical model by Wintoft et al. (2005) relating solar wind measurements to the time derivative of ground magnetic field has been further developed.
As a preparation for the forecast server, we have tested the updated GIC software using real-time IMAGE magnetometer data from 13 stations in North Europe. From the measured magnetic field, we first derive equivalent ionospheric currents. We can then interpolate the ground magnetic field at any point, calculate the geoelectric field and finally GIC in power grids or pipelines. An example of a magnetic storm on 15 March 2012 is shown in Figures 12 and 13 . There was a very rapid increase in electrojet amplitudes around 17 UT. This caused a large time derivative of the magnetic field and a prominent increase of GIC. Later analysis showed that the maximum measured GIC was about 33 A (1-min value), so the real-time calculation provided a very realistic output.
Overview of the improved nowcasting and forecasting capabilities
In this section, we attempt to provide a comprehensive summary of the improved nowcasting and forecasting modeling capabilities discussed in Section 3. This part is focused on the models available in operational or pre-operational mode. More precisely, the COST ES0803 recommendations presented here include models that run effectively in operational systems, but also those that are currently in the process of being transitioned to operations, as well as models that could be considered as candidates for transition to operations by the space weather community today. The results are presented in Table 1 , following the models' classification of Section 3. For each case (introduced in the first column), we start by considering the observed input data including the drivers (second column of Table 1 ) and the output parameters and/or services (third column of Table 1 ). Key sources of validation results are provided in the fourth column, while the prediction mode is given in the last column.
Most of the models presented in Table 1 run operationally to provide space weather products and services to the user communities through systems operated either by national research institutes and/or by internationally coordinated initiatives, as for example ESA/SWENET, DIAS, and SWACI in Europe as Gulyaeva & Jakowski 1999 Belehaki et al. 2003 Feltens et al. 2011 well as iSWA and HEK in the US. Results that are currently available through the operational use of these models for exploitation by end-users include: solar weather and geomagnetic activity predictions, ionospheric and trans-ionospheric propagation predictions, and atmospheric chemical composition predictions. The availability of products and services related to satellite environment and GIC predictions is foreseen in the near future through the implementation of the relevant models, which is envisaged by European research teams. The final products (e.g., nowcasts, forecasts, and alerts/ warnings) are made available in several graphical (e.g., maps, plots) and numerical data file formats. In practice, there is also a variety of means of access to the results, as a response to different users' requirements. Web access is the most widely used one, but ftp and email deliveries of the data are often possible. In addition, in several cases the services are supported by tutorial and outreach material, as well as software applications in an effort of the European community to promote and facilitate the use of the available resources. Interactive communication between service providers and users is usually established through training activities, workshops, and conferences. Among others, a key role holds the annual European Space Weather Week (ESWW), a top venue for space weather stakeholders. The last years, the ESWWs are jointly organized by the Belgian STCE, ESA, the Space Weather Working Team, and the COST ES0803 communities to offer a variety of communication links (e.g., scientific sessions, splinter and business meetings, tutorials, debates, and fairs) between space weather scientists, service developers, and providers and users.
Conclusions
Considerable progress in operational space weather modeling has been recorded in the last decade in Europe. Currently, the European community is in possession of a significant number of unique space weather models that are adapted to operational requirements to drive the development of valuable space weather products and services. This was achieved through the implementation of several national and European coordinated activities among which the two successive European COST actions (COST 724 and COST ES0803) hold a key role. Empirical modeling and data-driven techniques are still the main drivers of the development of operational models and tools. Therefore, the availability of routine observations from both the space and the ground, as well as the routine availability of indices and proxies, remain essential requirements for the development, validation/verification, maintenance, and improvement of space weather operations. This in turn implies both maintenance of the existing observing platforms and establishment of new ones, as means of understanding and as input to space weather models. Going further on the latter, it is important to realize that the reliability and the accuracy of space weather models depend strongly on the quality of the data ingested. Based on this, one may argue that the continued improvement and development of space weather observing capabilities could result in better coverage, timeliness, and accuracy of space weather products and services. This requirement was also noted in the 2010 US NSWP Strategic Plan (available at http://www.nswp.gov/).
A strong requirement for the successful transition from research to operational models is the systematic validation of the models' performance. In addition, the validation tests should be based on well-established metrics so that the improvements in nowcasting and forecasting capabilities can be promptly monitored and assessed. The European activity in this matter has lagged behind the work that is performed within the US, as for example the pioneering work that the CCMC performs on the validation of US models (http:// ccmc.gsfc.nasa.gov/). COST ES0803 spent appreciable effort to put the systematic validation of the European space weather models into discussion and to mobilize the European community toward this direction. There is clear evidence indicating some progress in this field based on individual efforts, but there is still much to be done and the validation of space weather models remains an open and urgent issue for the European community. Significant support to this effort is expected not only from the expansion of the observed datasets in the future, but also from the improved access to space weather data that will be achieved through new European investments made within EU/FP7. These include recent activities, such as the SEPServer project (http://www.sepserver.eu/sepserver/) that was designed to facilitate the access to high-quality SEP data and related electromagnetic observations for the study and prediction of SEP events, but also the European e-Infrastructures that are currently deployed or under deployment. Such examples include SOTERIA that worked on a higher level of accessibility for the observational data and for the models in solarspace and geophysics domains (http://soteria-space.eu/), HELIO that will provide a comprehensive integrated information system in heliophysics domain (http://www.heliovo.eu/), and ESPAS that aims at providing integrated access to near-Earth space data (http://www.espas-fp7.eu/).
Finally, one should always keep in mind that accurate space weather predictions require a high level of understanding of the underlying physics. Therefore, the continued support to space weather research remains always an essential requirement for further improvements in space weather operational modeling.
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